We present two techniques for mitigating the effects of temperature drifts in waveguide spatial heterodyne Fouriertransform on-chip spectrometers. In high-resolution devices, large optical path length differences result in an increased sensitivity to temperature variations and impose stringent requirements on the thermal stabilization system. In order to overcome this limitation, here we experimentally demonstrate two new temperature mitigation techniques based on a temperature-sensitive calibration and phase error correction. The spectrometer chip under analysis comprises an array of 32 Mach-Zehnder interferometers fabricated on a silicon-on-insulator platform. The optical path delays are implemented as microphotonic spirals of linearly increasing length up to 3.779 cm, yielding a spectral resolution of 17 pm. We demonstrate that the degradation in retrieved spectra caused by temperature drift is effectively eliminated by temperature-sensitive calibration and phase error correction. Integrated spectrometers are sought after for a wide range of applications, such as optical communications, health diagnostics, biological and environmental sensing, and remote sensing from microsatellites [1, 2] , to name a few. Integrated spectrometers based on arrayed waveguide gratings [3], Bragg gratings [4], waveguide echelle and concave gratings [5, 6] , and cascaded microring resonators [7, 8] can achieve subnanometer spectral resolutions and compact chip sizes. However, the optical throughput (étendue) of these devices is fundamentally limited by the need for a single-mode input waveguide. On the contrary, spatial heterodyne Fourier-transform (SHFT) spectrometers can provide a substantially larger étendue due to the possibility of multiple input waveguide apertures [9] . In an SHFT system, multiple interferometric measurements are performed in parallel using an array of interferometers, each with a different optical path length difference (OPD) [10] . The input spectrum is calculated by the Fourier transform (FT) of the stationary spatial interferogram, which can be captured by a detector array in a single shot.
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SHFT spectrometers have been successfully implemented on silicon-on-insulator (SOI) platforms [9] . The high refractive index contrast of SOI provides a high modal confinement with a correspondingly reduced bend radius, which ultimately allows a larger spectral resolution on a smaller chip footprint. The SHFT spectrometer can be implemented on an SOI platform as an array of N waveguide Mach-Zehnder interferometers (MZIs) [9] . In such a configuration, the spectral resolution (δλ) is determined by the OPD of the most unbalanced interferometer while the free spectral range (FSR) is set by the numbers of interferometers (N ) [9, 11] :
where λ 0 is the device central wavelength, ΔL max is the maximum MZI geometrical path difference, and n g is the waveguide group index. For an arbitrary input signal, all the interferometer outputs (each corresponding to a different optical path difference) are measured simultaneously, resulting in a stationary wavelength-dependent spatial interferogram I x i . The relation between the input spectral density Bσ and the output interferogram within the FSR of the device is given by [9] 
where σ σ − σ L is the shifted wavenumber, relative to the Littrow wavenumber σ L [12] at which maxima of the MZI responses are aligned, and x i is the path delay of the ith MZI. This relation is unambiguous for an ideal device without phase errors, enabling the source spectrum to be retrieved by the Fourier cosine transform.
However, in fabricated devices, two main deviations from the ideal behavior are present. Interferogram visibility variations are produced by uneven propagation losses in waveguides across the array. As the waveguide loss imbalance progressively increases with optical path difference between the MZI arms across the array, interferogram visibility is correspondingly reduced. This effect can be readily compensated by normalization techniques [12] . Furthermore, fluctuations in fabricated waveguide properties, particularly the waveguide width, produce fluctuations of the waveguide effective index, resulting in random phase errors in the MZI transmittance functions. Therefore, the phase alignment condition of the Littrow wavenumber and orthogonality of the FT transformation base are not guaranteed, rendering Eq. (3) inadequate for practical spectral retrieval.
To compensate for these errors, the use of active elements (heaters) [11] was proposed. Alternatively, a fully passive spectral retrieval algorithm based on a calibration matrix was developed [12] . Nevertheless, in order to ensure that the calibration matrix is correctly implemented, MZI transmittance functions must remain invariant between the calibration and the measurement steps. The thermal dependence of Si-wire waveguides hampers this requirement [13] , as temperature variations change the waveguide effective index and, therefore, the OPD of each interferometer. This alters the MZI transmittance functions, producing additional phase errors. For example, the thermooptic coeficients of Si-wire waveguides used in the SHFT in [12] , dn eff ∕d T , are 1.8 · 10 −4 K −1 and 1.2 · 10 −4 K −1 for TE and TM polarizations, respectively, at a wavelength of 1.55 μm [13] . Since the thermal-induced phase shift increases with the interferometric delay, this imposes stringent requirements on the thermal stabilization, particularly for devices with high spectral resolution. Here we present two novel spectral retrieval methods, based on temperature-sensitive calibration and phase error correction to mitigate SHFT temperature dependence. The technique is implemented on an SHFT device with a resolution of 17 pm at a central wavelength of 1550 nm, with a compact footprint of 23 mm 2 . Our first algorithm is based on the measurement of multiple calibration matrices (C j ) of the same device at different temperatures (T j ), followed by the automated selection of the appropriate matrix for each particular spectral retrieval. The number of required calibration matrices depends on the relation between the maximum temperature range for a specific application and the minimum temperature change, which provides correct spectral retrieval. The output interferogram can be expressed as I x i ; T j ; λ k Bλ k × C j , where λ k are specific wavelengths within the FSR of the device. In each calibration matrix C j , the transmittance function of each MZI is sampled at M typically equidistant wavelengths with a narrowband tunable laser within the FSR of the device. Each matrix hence comprises N rows, which represent the normalized power of the output interferogram for each wavelength, and M columns, corresponding to the spectral response of each MZI. In an ideal scenario, the source spectrum can be obtained by multiplying the interferogram by the inverse of the transformation matrix. When the transformation base is not orthogonal (e.g., in the presence of phase errors), the calibration matrix is not invertible and its pseudoinverse is used instead.
For the correct selection of the temperature-dependent calibration matrix, an auxiliary temperature measurement is required. This step can be directly performed with a high-precision measurement of the chip temperature (T aux ). The calibration matrix selected for the spectral retrieval algorithm is then the matrix, C j , obtained at the temperature T j nearest to T aux . Alternatively, the output interferogram (I aux ) of a reference input signal with a known spectrum (B ref ) can be used for accurate temperature determination. In this case, the appropriate calibration matrix is selected by minimizing the following expression:
Our second algorithm utilizes amplitude and phase error correction for narrowband signals. Each MZI's transmittance function in the calibration matrix is (mathematically) normalized, shifted, and aligned, obtaining an aligned matrix C 0 j and a phase shift vector Δλ:
By applying this vector to the output interferogram to be analyzed, a corrected interferogram I 0 x i with improved orthogonality and the Littrow condition is obtained. An indetermination arises when applying Δλ, as a given signal level can correspond to either a rising or descending flank of the MZI transmittance function. This issue can be solved in the particular case of narrowband input spectra by measuring the output interferogram at two close temperatures (T and T ΔT ). By analyzing the effect of small temperature changes in the output signal levels, the indetermination is resolved.
Both algorithms were demonstrated on an SHFT microspectrometer comprising an array of 32 silicon waveguide MZIs with a reference straight arm of constant length and a microphotonic spiral arm with linearly increasing length (Fig. 1) . The high index contrast of the SOI platform enables fabrication of tightly coiled spirals. Here we implemented a maximum length difference of 3.779 cm in a spiral diameter of only 490 μm. To ensure single-mode operation and negligible bend losses, 450 nm wide × 260 nm thick Si-wire waveguides with a minimum bend radius of 5 μm were used. Propagation losses of −4 dB∕cm were measured, with bending losses of −1.7 dB∕cm in the spiral sections.
These design parameters result in a theoretical spectral resolution of 14.5 pm and an FSR of 0.23 nm in a compact device footprint of 23 mm 2 . Efficient subwavelength grating edge couplers [14] integrated on the chip were used for fiber-chip coupling, while at the same time reducing the Fabry-Perot effect by minimizing the reflectivity at the facets.
The device was fabricated on SOI wafers with 260 nm thick silicon and 2 μm buried oxide. The waveguides were defined in a single patterning step by electron beam lithography using hydrogen silsesquioxane resist. Inductively coupled plasma reactive ion etching was used to transfer the resist pattern into the silicon layer.
The fabricated device was characterized using a highresolution tunable semiconductor laser over the spectral range of 1550-1550.6 nm, with a wavelength step of 0.5 pm. A Peltier stage was used for thermal stabilization of the chip, and a TE-polarization state was selected through an external polarization controller [ Fig. 1(c) ]. Output light from the MZIs was collimated by a microscope objective and captured in a single shot with a high-sensitivity InGaAs camera.
For the microspectrometer under analysis, the TEpolarization calibration matrix was measured at three different temperatures (T 1 22.4°C, T 2 22.5°C, and T 3 22.7°C). Room temperature was maintained at 22.4°C. The responses of three interferometers (24, 27, and 32) were removed from the matrix due to a low signal-to-noise ratio caused by some defective waveguides. Due to the exclusion of the last MZI (#32, with the maximum imbalance), the maximum length difference is reduced to 3.658 cm, leading to a theoretical resolution of 15 pm. A revised theoretical FSR of 0.22 nm is estimated for this set of 29 interferometers. Figure 2 shows the calibration maps for these three specific temperatures, without amplitude or phase corrections. The visibility reduction can be observed along the horizontal axis (MZI number), while along the vertical axis (wavelength) the misalignments of the transmittance functions of different MZIs due to phase errors are noticed.
In Fig. 3 , we show a first experimental spectral retrieval of a monochromatic signal measured at T 22.4°C after selecting the appropriate matrix calibrated at the same temperature (ΔT 0°C), as well as for several uncorrected temperature mismatches (ΔT 0.1°C, ΔT 0.3°C) between calibration and measurement steps. Temperature changes modify the OPD of each interferometer differently. Therefore, a length-dependent displacement of the MZI transmittance functions is produced. As a consequence, the central wavelength is shifted and the sidelobe level increases with the temperature difference. A 6 pm central-wavelength displacement is measured for ΔT 0.1°C, which corresponds to a 180°phase shift in the output of the longest MZI in the particular device herein described. Significant spectral retrieval deterioration is already found for ΔT 0.3°C. The relation between ΔT and the described output interferogram changes is proportional to device resolution. An experimental resolution of 17 pm in an FSR of 0.26 nm is demonstrated. This result verifies the circumvention of the stringent temperature control requirements associated with this resolution in previous retrieval algorithms.
Second, in order to correct the nonorthogonality of the Fourier base (phase errors) and the visibility losses (amplitude errors), all the MZI functions in each experimental calibration Fig. 4 . The temperature-dependent phase shift vector, Δλ, was then used to correct the phase errors in the measured interferograms.
Using both of our methods simultaneously, that is selecting the specific calibration matrix and correcting both the phase and amplitude errors, the effects of temperature dependence are compensated and corrected, yielding athermal device behavior. As shown in Fig. 5 , the spectral retrieval of a monochromatic source is substantially improved by combining both methods.
In this work, we presented two techniques for compensating the effects of thermal changes in a spatial heterodyne Fouriertransform spectrometer, namely, temperature-dependent calibration matrices and numerical reconstruction of the Littrow condition. These techniques were experimentally implemented on an SHFT device fabricated on an SOI platform. The spectrometer comprises an array of 32 waveguide Mach-Zehnder interferometers with a linearly increasing imbalance across the array, up to 3.779 cm. Spectral retrieval degradation effects caused by the temperature difference between the calibration and the actual spectral measurement were characterized and corrected. A spectral resolution of 17 pm in a 0.22 nm free spectral range was experimentally demonstrated. These results pave the way for the development of athermal high-resolution integrated spectrometers combining hardware and software athermalization techniques for diverse applications ranging from handheld to microsatellite on-chip spectroscopy. 5 . Spectral retrievals of a second monochromatic input signal using the calibration-based spectral retrieval algorithm after phase and amplitude corrections.
